Contrasting views exist on the stability of the Earth's shield regions over the last 1 Ga that have major implications for reconstructing erosion patterns on shields and the supply of sediment to intra-cratonic and marginal basins. This paper explores Phanerozoic denudation rates and patterns on the northern part of the Fennoscandian Shield in the Kola Peninsula, Northwest Russia. This shield region was intruded by magmatic rocks of the Kola Alkaline Province (KAP) in the Devonian and Early Carboniferous. The KAP comprises a varied suite of alkali-ultramafic plutonic and hypabyssal intrusions, diatremes and dykes that was emplaced at various depths in the crust and allows assessment of depths and rates of erosion during and since the KAP magmatic episode. Further evidence of long-term denudation is provided by Mesoproterozoic and Neoproterozoic cover rocks found around the margins of the Kola Peninsula and in the White Sea. The burial and exhumation history is compared to available Apatite Fission Track (AFT) data for the Kola Peninsula and adjacent areas. Post-Devonian denudation rates on the shield rocks of the Kola Peninsula have varied in space and time. Around the periphery of the Kola Peninsula, low long-term denudation of shield rocks is indicated by the survival of Riphean cover rocks and Late Devonian lavas, kimberlite crater facies and near-surface emplacement of dykes. In contrast, in the main belts of KAP intrusions, 4-6 km of rock was removed in response to doming between 460 and 360 Ma. Deep denudation is indicated by the emplacement depths of alkaline intrusions and Phoscorite-Carbonatite pipes (PCPs). Erosion on the Kola Peninsula since 360 Ma has been far more limited. Extensive, shallow, late-stage magmatism associated with PCPs, dykes and the large alkaline intrusions in the KAP indicates that erosion depths nowhere exceeded 2 km. PostDevonian denudation has removed <1 km of rock from the margins of the Kola Peninsula and from the backslope of the Saariselkä-Karelia scarp in northern Finland. AFT data point to an important phase of erosion in the early Mesozoic but depths of unroofing of 3-5 km based on AFT cooling ages for this later phase are in conflict with the evidence of lesser erosion provided by the late-stage KAP intrusions and also require unrealistic depths of former Devonian to Triassic cover rocks. Mean denudation rates were greatest (up to 40 m/Myr) during the KAP magmatic phase. Post-Devonian rates across the Kola Peninsula and adjacent shield areas were much lower (<3-6 m/Myr) and are compatible with low long-term denudation rates for other cratons. Further resolution of long-term denudation patterns and rates on the Kola Peninsula requires the application of low-temperature thermochronometry, detailed examination of the regional geomorphology and firmer dating of ancient weathering episodes.
Introduction
Contrasting views exist on the stability of the Earth's shields over the last 1 Ga. A long-established view is that, once assembled, shields develop under a cratonic regime (Fairbridge & Finkl, 1980) with very slow denudation, a consequence of low rates of uplift, persistent planation of relief and shut-down of erosion for long periods during repeated episodes of shallow-marine trans gression and burial. A more recent and sharply contrasting view, grounded firmly in apatite fission track (AFT) thermochronology (Osadetz et al., 2002; Belton et al., 2004; Kohn et al., 2009) , is that even shield interiors are tectoni cally dynamic, with km-scale phases of burial and exhumation that require large vertical movements of deep-rooted continental crust and long periods of erosion during the Phanerozoic. Resolving this debate is important not only for assessing the stability of shields but also for reconstructing erosion histories on shields and quantifying sediment supply to intra-cratonic and marginal basins.
Yet long-term (1-1000 Myr) denudation rates on shields remain poorly constrained, largely because erosion removes evidence of its progress. This problem is most acute for the shields of the Northern Hemisphere. Here, Late Cenozoic glacial erosion has generally acted to remove correlative cover rocks and regolith and to strip bare the Precambrian basement. Although glacial erosion has frequently not erased major preglacial landforms, such as erosion surfaces of regional extent (Ebert et al., 2011) , only a few attempts have been made to use preglacial landforms and deep weathering to reconstruct relief development and erosion patterns on northern shields before the Pleistocene (Lidmar-Bergström, 1996 , 1999 André et al., 2001; Lidmar-Bergström et al., 2007 . A further difficulty is that Phanerozoic igneous rocks that might provide markers for long-term denud ation are sparse on both the Canadian and the Fenno scandian shields (Stasiuk et al., 2006; Wolfe et al., 2012) . Under these circumstances, most estimates of the depth, rate and timing of long-term denudation on glaciated shields rely heavily on AFT studies of regional thermochronology (Hendriks & Andriessen, 2002; Murrell & Andriessen, 2004; Ault et al., 2009 ). Yet interpretation of AFT data is strongly model dependent and requires integration with other regional geological data (Gunnell, 2000; Hall & Bishop, 2002) . This paper examines integrated Phanerozoic denudation rates and patterns on the northern part of the Fennoscandian Shield in the Kola Peninsula, Northwest Russia (Fig. 1) . Two opposing views exist on the long-term denudation of the central Kola Peninsula: (i) that erosion since ~2.5 Ga has been insignificant (Evzerov, 2001) or that (ii) km-scale erosion has occurred since 460 Ma (Arzamastsev et al., 2000) . The northeastern part of the Fennoscandian Shield comprises Archaean and Palaeoproterozoic igneous and crystalline supracrustal rocks (Fig. 2) . This Archaean-Palaeoproterozoic basement was intruded in the Devonian and Early Carboniferous by the magmatic rocks of the Kola Alkaline Province (KAP), a varied suite of alkali-ultramafic plutonic and hypa byssal intrusions, diatremes and dykes. This review evaluates evidence of Kandalaksha zoic at 2.5-2.1 Ga, extensive rift systems were formed. Fenno scandia experienced drifting and separation of Archaean cratons by newly formed oceans at 2.1-2.04 Ga. The ensuing main Palaeoproterozoic orogenic phase produced the Lapland-Kola orogen (1.94-1.86 Ga) and the composite Svecofennian orogen (1.92-1.79 Ga) (Daly et al., 2006; Lahtinen et al., 2008) . The structural framework of the northern Fennoscandian Shield was assembled by ~1.5 Ga, but partly reactivated during the Sveconorwegian (1.2-0.85 Ga) and Caledonian (0.5-0.4 Ma) orogenies (Claesson et al., 2000) .
Neoproterozoic sedimentary rocks occur around the margins of the Kola Peninsula (Fig. 3) . In the Russian literature, these rocks continue to be referred to as Late Riphean (950-635 Ma) and Vendian (635-541 Ma) in age, as the recommendations of the International Commission on Stratigraphy have been slow to be adopted. That usage is generally maintained in this paper for ease of comparison. The total Neoproterozoic thickness in the Kola-Kanin Monocline off the north Kola coast is 6 km (Fig. 4) and is mainly Tonian to Cryogenian in age. In the northern Kola Peninsula and offshore, platform sedimentary rocks rest unconformably on basement on the Sredniy Peninsula (Siedlecka et al., 1995a; Mitrofanov et al., 2004) , and are separated from basinal sediments on the Rybachiy Peninsula ( Fig. emplacement depths for KAP intrusions and assesses depths of post-Devonian erosion of basement and cover across the Kola region. Further constraints on long-term denudation are provided by Mesoproterozoic and Neoproterozoic cover rocks found around the margins of the Kola Peninsula and in the White Sea. The burial and exhumation history is compared to available AFT data for the Kola Peninsula and adjacent areas. The revealed denudation patterns show that whilst rates of long-term, average denudation are comparable to those determined for other shields, erosion across Kola has been spatially and temporally variable over the last 460 Myr.
Geology
The Kola Peninsula occupies a pivotal location at the northeastern edge of the Norwegian passive margin, the southern shore of the Barents Sea and the northern edge of the Fennoscandian Shield (Fig. 1) . The Baltic Shield is subdivided into several separate domains of which the oldest is the mainly Archaean Kola-Karelian domain which, in turn, is split into the Murmansk, central Kola and Belomorian terranes (Fig. 2) . The Archaean basement consists mainly of gneiss, schists, anorthosite, basic intrusive rocks and granites. In the Palaeoprotero- Terekhov et al., 2012) . Kramm et al., 1993) . 'Q' -Line of section Q-Q' for Roberts et al. (1997) Line of section shown on Fig. 3 . Modified after Ivanova (2001) . 2) by a major fault zone (Roberts, 1995; Olovyanishnikov et al., 1998) . In the White Sea, Tonian to Ediacaran rocks have a strati graphic thickness of up to 8 km within halfgrabens separated by intervening basement ridges (Baluev et al., 2009 Grazhdankin, 2003) .
'E' -Palaeoproterozoic rift basins. 'F' -Lapland Granulite Belt. 'G' -Riphean sedimentary rocks. 'H' -Vendian sedimentary rocks. 'I' -Caledonides. 'J' -Zone of Devonian diamondiferous dykes (after

'K' -Devonian lavas. 'L' -Phanerozoic dykes. 'M' -Phoscorite-Carbonatite pipes. 'N' -Nepheline syenites. 'O' -Kimberlite. 'P' -Kontozero Graben boundaries (after
The Kola Alkaline Province (KAP) (Fig. 2) is related to Devonian continental rifting (Beard et al., 1998) . Ultrabasic and alkaline complexes, along with numerous dykes and pipes, were intruded in the Kola Peninsula and on the Barents shelf during the Middle Palaeozoic (Kogarko et al., 1995) . The central alkaline complexes, including Khibiny and Lovozero, form a NE-SW-trending belt, associated with the Kontozero Graben ( Fig. 2) , while the alkaline complexes of Sokli (Finland), Kovdor, Kandagubskiy and Turiy Mys form an E-Wtrending belt spatially associated with the Kandalaksha deep fracture zone, an older structure initiated in the Neoproterozoic ( Fig. 3 ; Vartiainen & Paarma, 1979) . Igneous activity may have started as early as 460 Ma and large alkaline lava xenoliths at Lovozero and Kontozero record an early phase of volcanic activity at ~404 Ma before the injection of the large alkaline intrusions at 380-360 Ma ( Arzamastsev et al., 2010 ( Arzamastsev et al., , 2013 . A swarm of dolerite dykes on the Barents Sea coast has provided ages clustered around 370 Ma and indicate that dyke injection and lava eruption here belong to the main magmatic phase (Beckinsale et al., 1975; Kramm et al., 1993; Guise & Roberts, 2002) . These coastal dykes, however, originally fed basaltic lava fields and relate to igneous centres offshore rather than to the major alkaline igneous centres on the Kola Peninsula ( Fig. 3 ; Terekhov et al., 2012) . Dykes near Kandalaksha are also dated to ~380 Ma (Claesson et al., 2000) and are considered as eruptive channels for volcanic fields later removed by erosion (Bulakh & Ivanikov, 1984) . Explosion pipes, including kimberlites on the Terskiy coast, have provided similar K-Ar ages of 382-365 Ma (Beard et al., 1998) .
Multiple phases of extension and rifting have been recognised in the southern Barents Sea from the Carboniferous, in Permo-Triassic time and also in the Late Jurassic-Early Cretaceous, with Late Cretaceous-Early Tertiary basin inversion (O'Leary et al., 2004; Shipilov, 2015) . The northward-dipping wedge of Palaeozoic to Triassic sedimentary rocks in the Kola-Kanin Monocline off the Murmansk Coast reaches a total thickness of 5 km (Fig. 4; Ivanova, 2001 ) but much of this detritus was sourced from the Urals (Artemieva, 2003) . Extension of sedimentary cover over the Kola Peninsula in the Late Devonian and Late Carboniferous, but not later, is depicted on palaeographic maps of the European Platform (Nikishin et al., 1996) . Reactivation of major faults is recognised along the northern Norwegian Atlantic margin at intervals through the Devonian to Permian (Roberts & Lippard, 2005; Davids et al., 2013) and extending into the Late Cenozoic (Eidvin et al., 2014; Knies et al., 2014) . Cenozoic denudation on the Kola Peninsula is estimated at <0.5 km based on vitrinite reflectance, sandstone diagenesis and shale compaction indices on the Barents shelf (Henriksen et al., 2011a) . In northern Fennoscandia, the main topographic feature of the shield today is a major scarp, the Saariselkä-Karelia escarpment ( Fig. 1) , that separates the uplifted and tilted backslope of northern Finland from the foreland of northern Karelia and the Kola Peninsula.
Estimating long-term denudation on the Kola Peninsula
This section examines how different geological indi cators may constrain depths of Phanerozoic denud ation on the Kola Peninsula.
Neoproterozoic sedimentary rocks
Riphean sedimentary rocks occur at present only around the fringes of the Kola Peninsula (Fig. 3 ). On the Rybachiy Peninsula ( Fig. 1) , thick, very coarse-grained, sandstone turbidites are interbedded with conglomerates and a basal olistostrome-breccia (Siedlecka et al., 1995b; Mitrofanov et al., 2004) . In the eastern Kola Peninsula, the Riphean sedimentary rocks are much finer grained, with thick siltstone units (Baluev et al., 2009) , and were originally deposited in half-grabens within mountainous terrain (O'Leary et al., 2004) . Along the north coast of the Kola Peninsula, Riphean rocks have been faulted and laterally displaced along the Karpinsky Lineament ( Fig. 3 ; Siedlecka, 1995; Roberts et al., 1997) , a long established feature that marks the hinge zone between the southern Barents Sea basin and the exposed shield.
In the immediate vicinity of Riphean cover rocks, erosion of basement has been negligible. In contrast, away from these cover rocks, extrapolation onto the Kola Peninsula of the trends of the irregular, sub-Riphean unconformities in both the southern Barents Sea (Mitrofanov et al., 2004) and the White Sea (Zhuravlev & Shipilov, 2008) indicate many kilometres of postRiphean denudation (Figs. 4 & 5) . Much of this erosion occurred during the interval between the end of Riphean sedimentation after 630 Ma (Gorokhov et al., 2002) and the onset of a Late Vendian depositional phase at ~555 Ma (Martin et al., 2000) , a period of uplift linked to the intrusion of the Rybachiy dolerite dyke swarm at 600-540 Ma (Arzamastsev et al., 2010) . The absence of Riphean and Vendian rocks either below Early Devonian lavas or as roof pendants in the main alkaline intrusions at Khibiny and Lovozero (Arzamastsev et al., 2013) indicates removal of any Riphean or Vendian cover from central Kola by 410 Ma. Around Arkhangelsk and
Major alkaline volcanic centres and intrusions
The major alkaline magmatic centres of Khibiny and Lovozero have a complex history that spans the period from 387 to 347 Ma (Arzamastsev & Petrovsky, 2012) . Three main phases of activity can be recognised (Kogarko, 1987; Arzamastsev et al., 2013) : dyke intrusion and volcanism and development of large calderas, followed by syenite intrusion within a framework of ring faults, and ending with Phoscorite-Carbonatite pipe (PCP) and dyke intrusion, and hydrothermal activity (Fig. 6 ). The Kontozero complex ( Fig. 1 ), dating from 380 ± 8 Ma (Arzamastsev & Petrovsky, 2012) , consists of diverse plutonic and volcanic, alkaline, ultramafic and carbonatitic rocks, up to 2.6 km thick (Arzamastsev & Petrovsky, 2012) , that fill a caldera-like depression averaging about 8 km in diameter in the central part of the Kola Peninsula (MacBride, 2005) . The Ivanovka volcanic-plutonic complex, of similar age, on the Barents Sea coast remains largely buried. Remnants of volcanic rocks are found up to 18 km from the centre and rest on Archaean granites, Riphean sedimentary rocks, and Riphean dolerites (Arzamastsev & Petrovsky, 2012) . Gravimetric surveys indicate that a second alkaline centre exists at depth nearby (Arzamastsev et al., 2000) . The major volcanic centres are estimated to have produced large volumes of alkaline lavas and plateau basalts during the magmatic phase, with a speculative original thickness of 2 km over the Kola Peninsula (Downes et al., 2005) . Distal remnants of this cover may be represented by Late Devonian tholeiitic lavas and tuffs on the Kanin Peninsula and in northern Timan (Mahotkin et al., 2000) .
Lavas representing early ultrabasic and alkaline volcanic activity occur as roof rocks at Lovozero and as numerous xenoliths at Khibiny (Arzamastsev & Petrovsky, 2012) . Preservation of these rocks within and not outside ring faults is a result of subsidence and burial. At Ivanovka, in contrast, basaltic lavas are distant from the igneous in northern Karelia, the sub-Late Vendian unconformity is a peneplain cut across both Archaean basement and Riphean half-grabens (Figs. 3 & 5) . The peneplain is overlain by horizontally-dipping sandstones and mudstones (Grazhdankin, 2003) . Along the easternmost fringe of the Kola Peninsula, the sub-Vendian peneplain (SVP) is tilted and occurs as a gently inclined ramp rising to ~200 m a.s.l. where it is truncated by a younger, subhorizontal erosion surface (Fig. 5) . The ramp has an eastward gradient of 8-14 m/km, indicating km-scale, post-Vendian denudation in the eastern Kola Peninsula. The sub-Vendian peneplain is a widespread feature of the Russian Platform and of the Fennoscandian Shield around the Baltic Sea (Paulamäki & Kuivamäki, 2006) . The SVP may have extended across the Kola Peninsula but evidence that Neoproterozoic alkaline ultramafic magmatism was underway by 600 Ma (Downes et al., 2005) suggests that Kola may have retained significant relief even in this phase of regional planation. The SVP forms inherited relief on the present shield surface south of Onega Bay (Fig. 3 ) but here it has been uplifted to the south, disrupted by block movements and stripped of Vendian sedimentary rocks (Grazhdankin, 2003) .
Devonian magmatism
Each of the main manifestations of Devonian magmatism is examined below for evidence of its emplacement depth in order to derive estimates of later denudation. Interpretation of this evidence is generally difficult due to the complexity of the processes of emplacement and mineralisation during multiple phases of magmatic activity. In general, the most useful indicators of post-Devonian erosion are near-surface rocks formed in the later stages of KAP magmatism. centre (Arzamastsev & Petrovsky, 2012) and occur more widely as outliers to the east ( Fig. 2 ; Dunworth & Bell, 2001) . Along this part of the Barents Sea coast, postDevonian erosion has been confined to cover rocks. Basal Late Devonian-Early Carboniferous conglomerates at Lovozero and Kontozero contain clasts of rocks from the Archaean Murmansk and Central Kola Terranes that presently outcrop in the vicinity (Kirichenko, 1970) , indicating only limited denudation of local basement since 390 Ma.
Intrusion of the main syenite plutonic complexes took place within the subsided Khibiny and Lovozero calderas. These intrusions extend to depths of >14 km but each is estimated on the basis of gravimetric models of intrusion forms to have lost only 10% of its original volume to erosion (Arzamastsev et al., 2001 ). This represents postDevonian denudation of rock columns of respective heights of 2.4 km at Khibiny and 3.5 km at Lovozero (Fig. 7 ). To these estimates should be added 1-2 km for the original roof rocks also lost to denudation (Nivin, 2008b) . (Epshteyn & Kaban'kov, 1984) . 8 -Ring faults. 9 -Explosion breccia. 10 -Approximate position of the end-Devonian land surface.
Phoscorite-Carbonatite Pipes
The KAP includes many Phoscorite-Carbonatite pipes (PCPs) that are typically a few km in diameter and extend to depths of >10 km. Many PCPs have experienced a prolonged, multiphase, metasomatic-hydrothermal evolution (Williams, 2015) . The PCPs have been used to estimate depths of erosion on the Kola Peninsula since intrusion in the Devonian ( Fig. 7 ; Arzamastsev et al., 2000 Arzamastsev et al., , 2001 . The PCPs are interpreted, partly on the basis of gravity data, to have a common, verticallyzoned structure, with phoscorite and carbonatite dominating at the top of the pipes, above a zone of foidolite and a root of ultrabasic rocks. The current level of exposure of each carbonatite stock relates to erosion since intrusion (Arzamastsev et al., 2001 ). Three groups have been recognised ( Fig. 8 ; Arzamastsev et al., 2000) : (i) very deeply eroded pipes mainly in the southern part of the Kola Peninsula, where only the ultramafic bases of magma reservoirs have survived, indicating a vertical erosional thickness of 8-11 km; (ii) a deeply eroded zone within the Kontozero Graben that extends from Kovdor to Khibiny-Lovozero with 5-9 km of erosion and (iii) a slightly eroded zone occupying the northern and western portions of the Kola Peninsula and extending into Finland, where post-intrusive erosion of the Seblyavr and Sokli intrusions does not exceed 1-2 km. The juxta position of intrusions in the very deeply and deeply eroded groups indicates, however, that the
The latest igneous rocks include alkaline dyke swarms and picrite-carbonatite explosion pipes within the Main Ring fault zone at Khibiny (Ivanyuk et al., 2012) . The late-stage dykes at Khibiny are degassed, indicating emplacement close to the contemporary land surface (Tolstikhin et al., 2002) , an interpretation consistent with earlier views of the dykes as eruption channels for volcanic explosion fields since removed by erosion (Bulakh & Ivanikov, 1984) . Late-stage, low-temperature, hydro thermal alteration is common in both the Khibiny and the Lovozero intrusions (Men'shikov et al., 2006) , requiring interaction with groundwater in the upper 2 km of the rock column (Nivin, 2008a (Nivin, , 2011 .
The preservation of roof rocks, the limited depth of erosion of the main syenite intrusions and the presence of explosion pipes and near-surface hydrothermal effects (Fig. 7) support long-standing views that the depth of post-Devonian erosion for the Khibiny and Lovozero massifs is only a few km (Virovlyansky, 1975) . The exposure of alkaline plutonic rocks at the present land surface requires, however, deep erosion during the magmatic phase. Large differences in erosion depths between the two major igneous centres and the surrounding country rocks are a product of large-scale differential movements within ring faults at 390-370 Ma (Fig. 6 ) and contemporaneous erosion (Ivanyuk et al., 2012) . PCP emplacement on the Kola Peninsula involved multiple phases of igneous activity and large vertical movements within ring structures (Arzamastsev et al., 2013) . Hence, the emplacement depths proposed for the carbonatite stocks need to be tested against other proxies (Fig. 7) .
Figure 8. Schematic model of denudation patterns since 460 Ma. ' A' -Riphean sedimentary rocks. 'B' -Vendian sedimentary rocks. 'C' -Extent of Devonian alkaline magmatic activity. 'D' -Zone of Devonian diamondiferous dykes (after Terekhov et al., 2012). 'E' -Devonian lavas (after Dunworth & Bell, 2001). 'F' -Phanerozoic tholeiitic dykes of the Rybachiy (R), Pechenga (P) and eastern Kola (EK) swarms. 'G'-'I' -KAP intrusions classified by depth of post-emplacement erosion. 'G' -Low (1-2 km), 'H' -Medium (5-9 km) and 'I' -High (8-11 km). Modified from Arzamastsev et al. (2001). 'J' -Isolines (km) for post-emplacement denudation.
• In the most deeply eroded group of plutonic intrusions, fluid inclusions at Afrikanda indicate crystallisation at a depth of 5.4 ± 0.8 km (Epshteyn & Kaban'kov, 1984) . At Ivanovka, exposed plutonic rocks emplaced at 371 ± 8 Ma (Arzamastsev & Wu, 2014) and a depth of ~10 km (Arzamastsev et al., 2001 ) occur close to remnants of Late Devonian volcanic rocks (Arzamastsev & Petrovsky, 2012) . Similarly, at Turiy Mys, exposed plutonic ultrabasic rocks formed at 377 ± 2 Ma (Arzamastsev & Wu, 2014) are found close to kimberlites formed at 370-360 Ma that incorporate garnet amphibolite xenoliths identical to rocks currently exposed at the surface and indi cating emplacement within 2 km of the present land surface (Baluev & Terekhov, 2006) . A similar depth of emplacement is likely for late-stage carbonatite explosion breccias at Vuorijärvi, Salmagorsk, Osnaya Varaka, Afrikanda and several other alkaline magmatic centres ( Fig. 9 ; Kapustin, 1983 ). • In the intermediate group, emplacement depth at Kovdor is constrained by fluid inclusions in early apatites that record a fluid pressure of 1.1 to 1.5 kbar corresponding to 3.5-5 km depth (Sokolov, 1981) and by the homogenisation temperature of fluid inclusions in quartz and apatite from late-stage ankeritic and dolomitic, quartz-bearing carbonatite at 4 ± 0.7 km (Epshteyn & Kaban'kov, 1984) . • In the slightly eroded group, the Sokli intrusion remains largely buried. Shallow emplacement of the Seblyavr mass, however, is not compatible with He isotopic data that instead places Seblyavr alongside hypabyssal ultrabasic, alkaline and carbonatitic intrusions at Kovdor, Vuorijärvi and Lesnaya Varaka (Tolstikhin et al., 1999) .
These comparisons indicate that post-Devonian erosion depths based on models of carbonatite stock structure are often much greater than those based on other proxies (Fig. 7) . Two main reasons are proposed for these differences. Firstly, the vertical structure proposed for the Kola PCPs may be over-simplified (Evzerov, 2001 ) and the pipes may have been emplaced at different depths in the upper crust (Arzamastsev et al., 2000) . Secondly, multiphase intrusion, with, for example, six separate magmatic phases at Kovdor (Fontana, 2006) , allows Fig. 3; Terekhov et al., 2012) . K-Ar and SmNd dating methods indicate that the Rybachiy swarm (600-540 Ma) is the oldest, whereas dolerite dykes in eastern Kola and Pechenga were emplaced at 380-300 Ma ( Fig. 8 ; Arzamastsev et al., 2010) . The alkaline and dolerite dykes are generally disjunct, but the dykes of alkaline rocks cut earlier dolerite dykes on the eastern Murmansk coast near Ivanovka (Fedotov, 2005) . Both sets of dykes have undergone later, low-temperature, hydrothermal-metasomatic alteration, with formation of new magnetic minerals and secondary Fe, Cu, Co and Ni sulphides. The regional remagnetisation event is likely to be of Early Jurassic age, linking dyke alteration to the formation of the Barents Sea basalt province at 200-170 Ma (Veselovskiy et al., 2013) .
Figure 9. Schematic model of denudation patterns since 360 Ma. ' A' -Riphean sedimentary rocks. 'B' -Vendian sedimentary rocks. 'C' -KAP intrusions. 'D' -KAP intrusions with late stage hydrothermal effects. 'E' -Sub-Vendian peneplain. 'F' -Zone of Devonian diamondiferous dykes (after Terekhov et al., 2012). 'G' -Devonian lavas. 'H' -Phanerozoic tholeiitic dykes. 'I' -Kimberlites. 'J' -Late Devonian to Early Carboniferous sedimentary rocks. 'K' -Explosion breccias. Isolines (km) show depths of post-360
Where dyke petrology or setting can be linked to emplacement depth then dykes become markers for later denudation. On the Kola Peninsula, such dyke characteristics include:
• Association with lava remnants, indicating negligible subsequent erosion of basement. Examples are known close to the Ivanovka (Arzamastsev et al., 2010) and Kontozero igneous centres (Figs. 8 & 9 ). • Presence of explosion breccias, indicating venting of dykes within 1 km of the surface as feeder channels for surface volcanic fields. Examples include Kandalaksha Bay (Beard et al., 1998) , Turiy Mys (Downes et al., 2005) , Khibiny (Ivanyuk et al., 2012) , Kontozero (MacBride, 2005) and numerous PCPs (Kapustin, 1983) , including Kovdor ( Fig. 9 ; Mikhailova et al., in press ).
• Dykes that are hydrothermally altered and mineralised, indicating interaction with meteoric waters in the upper 2 km of the crust (Genter & Traineau, 1992) . Examples include: 1. Late dykes associated with PCPs (Kapustin, 1983) , 2. Late dykes in the major alkaline magmatic centres (Sindern et al., 2004; Men'shikov et al., 2006) , 3. Extensive alteration in the Kola dyke swarms (Veselovskiy et al., 2013) , and 4. Pb-Zn vein mineralisation of Late Devonian age found associated with dykes in westernmost parts of the Kola Peninsula (Guise & Roberts, 2002) .
Collectively, the evidence from these dyke groups indicates that lowering of the end-Devonian land surface across much of the Kola Peninsula has been limited to ~1-2 km.
Apatite Fission Track data
A limited amount of Apatite and Zircon Fission Track (AFT and ZFT) data is available for Kola ( Fig. 10 ; Rohrman, 1995; Hendriks & Andriessen, 2002; Hendriks, 2003; Lorencak, 2003; Murrell, 2003; Hendriks et al., 2007) . Long-term rock cooling rates can be converted to mean denudation rates on the assumptions that the deep erosion to occur during the magmatic episode. In this case, only the latest dykes, explosion breccias and hydrothermal effects in a PCP constrain the level of the end-Devonian land surface.
Kimberlites
Kimberlites that conform to models of crater-diatremehypabyssal structure for explosively erupted pipes allow assessment of depths of erosion since eruption (Hawthorne, 1975) . East of the Kola Peninsula, on the Winter Coast north of Arkangelsk (Fig. 9) , Late Devonian kimberlite pipes intrude basement and Riphean and Vendian sedimentary rocks and retain infilled craters, indicating minimal erosion since intrusion (Mahotkin et al., 2000) . On the Terskii coast of the Kola Peninsula (Fig. 2) , diatremes and dykes emplaced between 370 and 360 Ma (Arzamastsev & Wu, 2014) cut through the heterogeneous basement consisting of early Archaean gneisses of the White Sea Group and Palaeoproterozoic granitoids, and penetrate the overlying Riphean sandstones of the Terskaya Formation, 200 to 500 m in thickness (Kalinkin et al., 1993) . One pipe retains crater and vent facies (Kalinkin et al., 1993) , consistent with <0.5 km of post-emplacement erosion (Stanley et al., 2013) . Xenoliths incorporated in kimberlite pipes during eruption provide important information on near-surface rocks present at the time of eruption at the eruption site (Nassichuk & McIntyre, 1995; Cookenboo et al., 1998; Baluev & Terekhov, 2006; Hanson et al., 2009 ). The clastic explosion dykes developed at Turiy Mys and near Kandalaksha contain mainly fragments of granite gneiss, amphibolite, carbonatite and Riphean sandstone, rocks known at the present-day erosion level (Baluev & Terekhov, 2006) . The absence of Vendian xenoliths implies that all Vendian cover had been eroded previously. Furthermore, the lack of Devonian lava xenoliths and the shallow depth of emplacement of these kimberlites requires that any thick cover of Devonian lava (Downes et al., 2005) that may have once existed along the Kandalaksha Graben had been removed by erosion by 360 Ma.
Dykes
Two distinct groups of alkaline and dolerite Neoproterozoic -early Phanerozoic dykes occur on the Kola Peninsula. Devonian alkaline dykes are found associated with nepheline syenites (Khibiny, Lovozero) and alkaline ultrabasic rocks (Kovdor, Afrikanda and others). The alkaline dykes occur within 5-15 km of KAP intrusions and fall within a zone of alkaline magmatism centred on Kandalaksha ( Fig. 8 ; Arzamastsev et al., 2010) . In contrast, dolerite dykes form autonomous swarms over the wider Kola region ( Fig. 8 ; Arzamastsev et al., 2010) . If these dolerite dykes fed lava fields then Devonian plateau basalts may have originally extended across the Kola Peninsula towards remnants exposed in Timan (Mahotkin et al., 2000) . Other basaltic lavas erupted from feeder dykes covered parts of northern Kola, emanating from igneous centres in the East Barents uplifting rocks proceed through a horizontally-stratified, thermal boundary layer (the apatite partial annealing zone or APAZ) and that past and present geothermal gradients can be defined (Gunnell, 2000) . In the Kola Superdeep borehole (SG-3), the geothermal gradient is 18°C/km (Mottaghy et al., 2005) . Assuming that AFT samples are not affected by reheating, for this geothermal gradient the APAZ is reached at 60-120°C (Gallagher et al., 1998) when the sample is within 3-6 km of the surface. The modern geothermal gradient on the Kola Peninsula is more complex than this, with greatest heat loss in the upper 2 km of the crust in the crucial PAZ and with significant lateral variations in heat flow. A total of 14 high-precision temperature logs and the re-evaluation of 22 analogue borehole logs from the 1960s across the Kola Peninsula yielded temperature gradients in the upper 2 km varying from 5 to 20 K/km (Mottaghy et al., 2005) , suggesting that heat flow has been strongly influenced by cold groundwaters generated during Pleistocene glaciations (Kukkonen et al., 1998; . With these geothermal gradients, the APAZ is reached at depths of ≥3 km.
The pattern of AFT apparent ages across northern Fennoscandia is generally spatially consistent (Hendriks et al., 2007) . AFT apparent ages from close to the North Atlantic margin fall in the range 90-150 Ma (Hendriks & Andriessen, 2002) , whereas apparent ages for central and southern Finland are >400 Ma (Murrell, 2003; Murrell & Andriessen, 2004) . This reflects regional patterns of passive-margin uplift from the Late Cretaceous onwards and the consequent deep denudation of the rising Northern Scandes and its escarpment and foreland (Redfield & Osmundsen, 2013) . In contrast, the much older apparent ages around the Baltic are consistent with the wide extent of the sub-Cambrian peneplain, a timetransgressive erosion surface on which shallow shelf sedimentation commenced in the Middle Ordovician (Sturkell & Lindström, 2004) .
In contrast, the widely scattered AFT data for the Kola Peninsula are much less coherent (Fig. 10) . AFT apparent ages at individual and adjacent sites differ by 103-266 Myr. A single apparent age of 490 Ma from the Sokli area in northern Finland is much older than AFT apparent ages for Kovdor, ~100 km to the east. In the upper 2.8 km in the Kola Superdeep borehole, AFT apparent ages fall within the Early Jurassic (Rohrman, 1995) and so are anomalously young for the region. In contrast, in northern Kola, on and near Sredniy, AFT apparent ages cluster around 300 Myr in the Late Carboniferous-Early Permian. Ages along the Kontozero Graben are ~90 Myr younger (Late Triassic). AFT data for the Barents Shelf show similar inconsistencies (Henriksen et al., 2011a) . The currently available AFT data set for the Kola Peninsula indicates little more than Carboniferous to Triassic cooling. This is generally consistent with a phase of Early Mesozoic uplift and erosion indicated by delta progradation from the Kola Peninsula in the Late Permian (Wilson et al., 1999) and by rapid subsidence of the South Barents Basin from latest Carboniferous to earliest Triassic times (300-240 Ma) (O'Leary et al., . AFT data at 1 sigma error. 
Synthesis
The shield surface across the Kola Peninsula can be reconstructed before and after magmatism using depth indicators in the KAP (Figs. 8 & 9 ):
At ~460 Ma: Narrow bands of crystalline basement along the northern and eastern fringes of the Kola Peninsula remained buried by Riphean cover rocks and the thickness of Riphean rocks in the Kandalaksha Graben was considerably greater than today (Fig. 5; Zhuravlev & Shipilov, 2007) . Extrapolation of the Sub-Vendian Peneplain, already formed by ~555 Ma, indicates that shield rocks in eastern Kola stood >1 km higher than the current erosion level (Fig. 5 ). An old AFT apparent age in northern Finland (Fig. 10) indicates earlier cooling of crustal rocks below the PAZ, and, together with the limited erosion of the Sokli carbonatite pipe and the preservation of Early Cambrian sedimentary rocks in the Saarijärvi impact structure in Ostrobothnia ( Fig. 1 ; Öhman & Preeden, 2013) , suggest removal of <2 km of shield rock from above the backslope of the Saariselkä-Karelia escarpment. Within the core area of KAP magmatism (Fig. 8) , exposure of the PCPs and the main syenite intrusions indicate that the shield surface stood up to 6 km higher. The overall pattern of uplift is consistent with previous reconstructions of doming of the Kola region (Nikishin et al., 1996; Arzamastsev et al., 2000 Arzamastsev et al., , 2010 Guise & Roberts, 2002) but shows both NE-SW and E-W-oriented axes of uplift along the deepseated Kontozero and Kandalaksha structures.
At ~360 Ma: The Devonian lavas that rest on basement and Riphean cover on the northeastern fringe of the Kola Peninsula mark a marginal band where the shield surface was already close to its current erosion level at the close of KAP magmatism (Fig. 9) . Kimberlite pipes and dykes along the north shore of Kandalaksha Bay remain within 1 km of the end-Devonian land surface. More widely, latestage explosion breccias and hydrothermal effects define a broad zone where the land surface stood ≤ 2 km above its current level (Fig. 9) . The overall pattern indicates that uplift was mainly along the Kontozero Graben.
Comparison of the two reconstructions (Figs. 8 & 9) indicates that up to 4 km of crystalline basement was removed from central Kola during the 100 Myr KAP magmatic phase. The occurrence of deep erosion during magmatism is supported by the juxtaposition of exposed hypabyssal plutons with (i) lavas, (ii) degassed late-stage dykes that probably erupted to the surface and (iii) near-surface hydrothermal effects. Intrusion within ring faults, as at Khibiny, Lovozero and Kontozero, allowed localised uplift, unroofing and deep erosion of igneous masses whilst surrounding areas experienced much less denudation, as in the Tertiary Igneous Province of western Scotland (Hall, 1991) . Elevation differences between the Khibiny and Lovozero massifs and the surrounding shield rocks established at the start of the KAP magmatic phase are also apparent in the patterns of Early Mesozoic AFT closure ages (Fig. 10 ) and imply maintenance of high relief around the syenite massifs from 460 to 300 Ma.
AFT cooling ages for the Kola Peninsula are younger than the KAP magmatic phase. Moreover, when the AFT ages are matched to known cooling rates on Kola then 3-6 km of erosion is required after the close of KAP magmatism. As geological evidence shows that basement surfaces had been lowered to within 0-2 km of the current erosion level by 360 Ma, this deep erosion, if real, must have been mainly confined to thick cover rocks. Yet Riphean and Vendian cover rocks had been largely or entirely removed from the Kandalaksha-Kontozero graben by the end of alkaline magmatism (Veselovskiy et al., 2013) . Hence, the reported AFT apparent ages require that several km of Devonian to Triassic volcanic and sedimentary rocks covered the Kola Peninsula until removal in the Early Mesozoic. Thick lavas may been extruded extensively on the Kola Peninsula during the Late Devonian (Downes et al., 2005) but their absence as xenoliths in the Kandalaksha kimberlites does not support retention of a thick cover over the Kola Peninsula into the Carboniferous. The presence of thick Palaeozoic cover rocks on the Kola Peninsula is also not a feature of recent reconstructions of the tectonostratigraphy of the southern Barents Sea (Henriksen et al., 2011b) . In the Kola Peninsula, AFT results appear to identify an important phase of Early Mesozoic uplift but to considerably overestimate depths of denudation at that time. One reason for this disparity may lie in regional Early Jurassic reheating (Veselovskiy et al., 2013) . Similar mismatches between geological and geomorphological indicators of denudation depths and AFT results have, however, been reported from other shield and platform areas (Gunnell, 2000; Hall & Bishop, 2002; Gunnell et al., 2003; Peulvast et al., 2008; Flowers & Kelley, 2011) . Specifically, identification of reheating in AFT studies has led to appeals for burial by thick sedimentary covers of which few, if any traces remain (Gunnell, 2000) . The constraints provided by long-term denudation indicators in areas such as the Kola Peninsula are a neglected component in the vigorous debates over the systematics and meaning of AFT analyses on the Fennoscandian Shield (Murrell & Andriessen, 2004; Hendriks & Redfield, 2005; Bonow et al., 2006; Larson et al., 2006; Kohn et al., 2009 ).
Evidence from the KAP indicates that average erosion rates during the magmatic phase were ~40 m/Myr in the central Kola Peninsula, declining to <20 m/Myr in peripheral areas. Erosion rates were probably significantly greater during the climax of magmatism and uplift between 390 and 370 Ma. Since the end of KAP magmatism at 360 Ma, erosion rates in central Kola have been much lower at <6 m/Myr. Similar contrasts in erosion rates between magmatic and post-magmatic phases are reported from southern Africa (Stanley et al., 2013) and are typical of post-orogenic denudation (Calvet et al., 2015) . Around the margins of the Kola Peninsula and in adjacent areas of northern Finland and Karelia, a maximum 1 km depth of shield and cover rocks has been removed since 360 Ma, giving average erosion rates of <3 m/Myr. As uplift-driven episodes of more rapid erosion occurred in the Early Mesozoic (O'Leary et al., 2004) and Pliocene (Knies et al., 2014) on the northern Norwegian margin, it is likely that the Kola Peninsula has experienced long intervals of negligible erosion. Since the end of KAP magmatism, the Kola fragment of the Fennoscandian Shield has developed under a cratonic tectonic regime (Fairbridge & Finkl, 1980) of slow, episodic uplift and denudation.
Erosion rates over the last 360 Myr on the Kola Peninsula and in adjacent parts of Karelia and Finnish Lapland are similar to estimates for the Canadian Shield of <2.5 m/Myr since 1.7 Ga (Flowers et al., 2006) and 2-8 m/ Myr since the Palaeozoic (Peulvast et al., 2009) . There is growing evidence that such low erosion rates are typical of many shield regions (Gunnell, 2003; Peulvast et al., 2008; Beauvais & Chardon, 2013 ). Further refinement of the tempo of denudation in northern Fennoscandia requires application of low-temperature thermochronometry (Stanley et al., 2013) , combined with detailed analysis of the regional geomorphological development and the dating of old weathering mantles (Pekkala & Yevzerov, 1990; Gilg et al., 2013) .
Conclusions
Post-Devonian denudation rates on the shield rocks of the Kola Peninsula, NW Russia, have varied in space and time. Data from the distribution of Riphean and Vendian cover rocks, depth indicators from the Kola Alkaline Province and AFT results generally give consistent patterns that indicate:
1. Negligible long-term denudation of shield rocks around the periphery of the Kola Peninsula indicated by the survival of Riphean cover rocks and Late Devonian lavas, kimberlite crater facies and near-surface dykes. 2. Removal of 4-6 km of rock from the area with the main concentration of igneous centres on the Kola Peninsula during doming associated with the KAP magmatic phase between 460 and 360 Ma. This deep denudation is indicated by the emplacement depths of alkaline intrusions and Phoscorite-Carbonatite pipes and involved the removal of shield rocks, Riphean and Vendian sedimentary cover and Early Devonian lavas.
3. Much lower depths of erosion on the Kola Peninsula since 360 Ma. Extensive, shallow, late-stage magmatism associated with PCPs, dykes and the large alkaline intrusions in the KAP indicates that erosion depths nowhere exceeded 2 km. Post-Devonian denudation has removed <1 km of rock from the margins of the Kola Peninsula and the backslope of the Saariselkä-Karelia scarp in northern Finland. 4. AFT data point to an important phase of erosion in the Early Mesozoic. Depths of unroofing of 3-5 km based on AFT cooling ages for this later phase, however, are in conflict with the evidence of much lesser erosion provided by the late-stage KAP intrusions and require unrealistic depths of former Devonian to Triassic cover rocks. 5. Mean denudation rates were greatest (40 m/Myr) in the central Kola Peninsula during the KAP magmatic phase. Post-Devonian rates across the Kola Peninsula and adjacent shield areas were much lower (<3-6 m/ Myr) and are compatible with low long-term denudation rates for other shield areas.
Accelerated erosion on the Kola Peninsula during the Phanerozoic was confined to the period of KAP magmatism. Since 360 Ma, this shield region has probably supplied a total of ~1 km of rock waste to the Barents Sea basin and evolved under a cratonic regime of slow erosion. Both during and since KAP magmatism, denudation has been spatially variable, with greatest erosion in the area around the main KAP intrusions.
